Abstract. The strong elevation gradient of the Himalaya allows investigation of altitude and orographic impacts on precipitation isotope values as captured in river samples. This study provides new high-elevation data along a 5000-m gradient collected from rain, snow, and glacial-sourced surface waters and time-series data from April to October 2016 to differentiate the time-variable contributions of source waters to the Arun River. We find nonlinear trends in 15 δ 18 O and δD lapse rates driven by samples collected at high elevations and a distinct seasonal signal indicative of moisture source influences the surface-water isotope values. Deuterium excess is correlated to snowpack and used to track melt events during the monsoon. Our analysis identifies contributions from snowpack to river discharge before the monsoon onset followed by a 5-week transition to Indian Summer Monsoon-sourced rainfall around mid-June 2016. 
Introduction
Seasonal snow and glacial melt from the Himalaya support the domestic, industrial, and agricultural water demands of over 1.5 billion people in the South Asia region (Immerzeel et al., 2010; Viviroli et al., 2007 ). Yet, regional and local accounting of these water resources is sparse despite the immediate relevance for water management and the need to predict future variability 25 in water supply that will result from climate change (Beniston, 2003; National Research Council, 2012) . Water stable isotopes and their spatiotemporal variation provide a unique tracer to characterize contributions of different water sources, including snow and glacial melt (Aggarwal et al., 2006; Gat, 2010; Kendall & McDonnell, 2012) . Differences in water isotope values emerge from fractionations occurring during water-vapor transport and precipitation, which are 30 correlated to altitude, latitude, precipitation intensity, and distance from the moisture source. In addition, post-deposition fractionation from evaporation in soil and sublimation in snow fields can modify the isotopic composition of surface waters (Dansgaard, 1964; Gat, 2010) . In high mountain regions, distinguishing the isotopic values of different water sources that contribute to stream flow is complicated by the extreme effects of orographic rise, seasonal changes in water- 35 vapor sources, melting of snow fields and glaciers, and difficulty to access high-altitude regions.
In the Himalaya, the combination of decreasing temperatures and increasing rainout with increasing elevation accentuates fractionation processes and results in water depleted in heavy isotopes. This relationship, reported as stable isotope lapse rates, ranges in the Himalaya from -0.45 to -4.4 ‰ km -1 for δ 18 O and -8.3 to -33 .0 ‰ km -1 for δD, but these estimates largely draw 40 on surface water samples from streams in low and mid elevations less than 5000 m (Hren et al., 2009; Meese et al., 2018; Poage & Chamberlain, 2001; Racoviteanu et al., 2013; van der Veen et al., 2018; Varay et al., 2017; Wilson et al., 2015) . High-elevation samples are sparse but essential to accurately characterize mountain-sourced surface waters, especially in regions with significant contributions from isotopically depleted snow and glacial melt. In addition to a strong elevation control, precipitation in the Himalaya is sourced from two moisture regimes -the Indian Summer Monsoon (ISM) and Winter Westerly Disturbances 5 (WWD) -each of which has a distinct isotopic signature due to its source, path, and precipitation intensity. The ISM originates in the Bay of Bengal and Indian Ocean and moves across the Indian subcontinent before intersecting with the orographic barrier of Himalaya (Bookhagen and Burbank, 2010) . WWD moisture originates in the Mediterranean, Black, and Caspian Seas and follow a continental path across the Middle East and Central Asia before reaching the western 10 edge of the Himalaya (Barry, 2008; Cannon et al., 2015; Lang & Barros, 2004) . The bulk of ISM precipitation falls as rain from June to September while WWD precipitation is deposited as snowpack from December to April (Barry, 2008; Bookhagen and Burbank, 2010; Lang and Barros, 2004) . Deuterium excess (d-excess), which is derived as a deviation from the global meteoric water line (GMWL), is a tool to measure kinetic fractionation effects related to 15 humidity, moisture recycling, and post-deposition processes, including sublimation (Dansgaard, 1964; Froehlich et al., 2002) . In the Himalaya, d-excess can be used to separate ISM-and WWDsourced precipitation because the ISM is marked by low d-excess values while WWD have relatively high d-excess values (Balestrini et al., 2016; Hren et al., 2009; Jeelani et al., 2013; Pande et al., 2000) . Previous studies largely sampled in the post-monsoon season and reflect a 20 dominant ISM moisture source, and little is known about the temporal evolution of surface water isotope values driven by seasonal moisture source variation, particularly the influence of seasonal snowmelt (Grujic et al., 2018; Hren et al., 2009; Meese et al., 2018; Varay et al., 2017; van der Veen et al., 2018) .
This study, based in the Arun River basin in eastern Nepal, captures the temporal and 25 spatial variability in water stable isotope values driven by seasonal ISM and WWD moisture sources with data from both the pre-and post-monsoon that include surface water samples from drainages sourced from rain, snow, and glacial melt. It contributes to a growing understanding of the sources and timing of water contributions at low and mid elevations and offers isotopic data for surface water at elevations above 5000 m, where few samples have been collected previously.
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In the past, models of isotope depletion at high elevation relied on linear regression models to extrapolate isotope values from low and mid elevations. We show that there are strong nonlinear changes in the isotopic values of water contributions to the Arun River driven by high-elevation surface water sourced from snow and glacial melt dominated drainages.
Study Site

35
The Arun Valley receives precipitation from both the ISM and WWD and exhibits one of the steepest elevation gradients in the eastern Himalaya (200 m to 8480 m). The 33,000-km 2 Arun River contains ~15% glacierized area and is estimated to receive ~25% of annual streamflow from WWD-sourced snowmelt and ~70% from ISM-sourced rainfall (Bookhagen & Burbank, 2010; RGI Consortium, 2017) . This study includes data from two sub-basins of the 40 Arun River: the Barun Khola and the Sabha Khola (Fig. 1) . The Barun Khola is a 468-km 2 watershed with a mean catchment elevation of 4758 masl and ~30% glaciated area (Fig. 1a) . The confluence of the Barun Khola with the Arun River is at Barun Bazaar. The Sabha Khola is a 549-km 2 nonglacierized watershed with a mean elevation of 1503 masl (Fig. 1b) 
Data and Methods
Following the methodology of hydrograph studies in the Andes and Himalaya (Baraer et 10 al., 2009; Mark et al., 2005; Wilson et al., 2015) , a synoptic sampling approach was used to characterize spatial variation in stable isotope values in the Sabha and Barun Kholas during two field campaigns. A pre-monsoon field campaign was conducted from April to May 2016 with repeat sampling after the monsoon during October and November 2016 (see data repository for list of samples). The shoulder periods of the monsoon were targeted to minimize influence from Two sets of water samples were collected for each site. Each sample was filtered through 0.45-µm glass filters into 30-mL polyethylene Nalgene bottles that were rinsed three times with filtered water. Bottles were filled completely to produce a positive meniscus, sealed tightly, and wrapped with tape to prevent the formation of air bubbles and possible evaporation before laboratory analysis. Bottles were stored in a dark place until the completion of the field season 30 and then stored in a refrigerator at 4°C at UC Santa Barbara. During the pre-and post-monsoon synoptic sampling campaigns, field duplicates were collected every 10 samples.
Samples campaigns. Regions of interest were selected for each image to conduct a supervised classification using Maximum Likelihood classification. The classification output was validated and adjusted to ensure accurate representation of snow extent. Weekly averaged land surface temperatures for the Sabha Khola and Barun Khola were calculated from the MODIS/Terra Land Surface Temperature Daily Global 1-km gridded data (MOD11A1) product for the duration of 5 the time-series data (April through November 2016) to provide further insight to climate processes during the study period (Wan, 2015) . Days with extensive cloud cover where less than 10% of pixels in the study basins were visible are excluded from the analysis. Daily rainfall data were averaged over the Barun Khola and Sahba Khola basins with precipitation data from the U.S. Geological Survey and UC Santa Barbara Climate Hazards Group Infrared Precipitation 10 with Stations (CHIRPS) dataset (Funk et al., 2015) .
Results
Water stable isotope values and lapse rates
Water stable isotope values in the Barun Khola and Sabha Khola show a distinct elevation fingerprint with a clear depletion effect that strengthens at higher elevations (Fig. 2) in the post-monsoon season. While all of the isotope lapse rate regressions are statistically significant (p < 0.01), the coefficient of determination (r 2 ) of the ordinary least squares (OLS) regressions for the Sabha Khola are relatively weaker (0.01-0.59) than the Barun Khola (0.66-0.81). The lower r 2 values in the Sabha Khola are indicative of greater variability in the low-30 elevation samples, which reflect increased evaporation from terraced agriculture fields and mixing with subsurface groundwater (additional weighted regression results are reported in Table 3 ). D-excess values also exhibit a distinct elevation relationship (Fig. 2c) . They are positively correlated in mean catchment elevations up to ~3000 m and then switch to a negative correlation after ~4000 m. In the pre-monsoon season, the deuterium excess lapse rate is -10 2.8±0.4 0 / 00 km -1 for the Barun Khola samples with mean catchment elevations ranging from 4000 m to 6000 m and 3.4±0.5 0 / 00 km -1 in the Sabha Khola samples with mean catchment elevations between 350 m and 3000 m. In the post-monsoon season, the elevation influence weakens to -0.8±0.2 0 / 00 km -1 in higher elevation catchments and 2.2±0.5 0 / 00 km -1 in lower elevation catchments. Across seasons, the slope of the d-excess versus elevation relationship is 15 roughly the same in the low-elevation regions; however, it weakens in the high-elevation regions. Similar to the δ 18 O and δD data, there is greater variability in the low-elevation regions. To further elucidate the relationship between precipitation moisture source and d-excess, we compare the change in snow-covered area of the drainage basins for samples in the pre-and post-monsoon seasons with the difference in d-excess across seasons (Fig. 3 ). There is a clear 20 relationship between loss of snowpack and decreased d-excess values from the pre-to postmonsoon seasons. The anomaly is a sample draining from a recent landslide scar, which may indicate rapid subsurface flow and contribution from other sources, for example groundwater. 
Temporal variation in deuterium excess
D-excess exhibits a distinct temporal signal from late April to October in both the Barun Khola and Sabha Khola (Fig. 4) . From late April to early June, during the onset of the monsoon, d-excess values increase until 4 June 2016 at which point they decline until 14 July 2016 and 10 stabilize for the duration of the time series. D-excess values in the Sabha Khola are lower than the Barun Khola throughout the time series with the exception of a large drop in d-excess values in the Barun Khola in early September. Temperatures in the Barun Khola, which best represent high-elevation regions where snowmelt may be occurring, are relatively high and stable until early June, then decrease until mid July with a sudden increase in temperatures in late August. 15 The surface temperature declines through September and remains stable, but relatively low, until mid October. The rainfall data indicate sparse rainfall during May and more continuous rainfall from June to September that then diminish in October. 
Discussion
Isotopic lapse rates strongly controlled by elevation and water sources
Through targeted sampling in a low-and high-elevation watershed replicated across the pre-and post-monsoon seasons, our study indicates nonlinear trends in δ 18 O and δD stable 15 isotope lapse rates that are strongly controlled by elevation and seasonal moisture source. Given the terrain of the region, samples collected in the Barun Khola encompassed a nearly 4-km vertical range over a 33-km horizontal path while Sabha Khola samples covered a 1.2-km elevation rise within a 25-km path. This dense sampling approach minimizes the influence of variables other than elevation. That said, when we compare the pre-and post-monsoon data, 20 there is evidence that seasonal variation in moisture source strongly influences stable isotope lapse rates. The weakening stable isotope lapse rate from the pre-to post-monsoon season in the Barun Khola is driven by decreased variability and depletion of δ 18 O and δD values from samples draining from basins with mean elevations between 4000 m and 5000 m (Fig. 2) . These catchments are dominated by WWD snowpack in the spring and transition to ISM-sourced water 25 in the fall after most or all snowpack has melted . Glacier meltdominated samples, which do not undergo a significant moisture source change, exhibit less variance from the pre-to post-monsoon seasons. In the lower-elevation sites, the stable isotope lapse rates increase from the pre-to post-monsoon season, which may reflect a transition from subsurface flow that underwent evaporation-driven fractionation in the pre-monsoon season to 30 recent elevation-controlled ISM rainfall inputs in the post-monsoon season.
Our isotope lapse rates most closely align with van der Veen et al., (2018) , whose data also exhibit nonlinear δD lapse rates that strengthen around 4000-m elevation, and Racoviteanu et al., (2013) , whose study includes high-elevation snow samples from the eastern Himalaya ( Fig. 5 and details in Table 2 ). Varay et al., (2017) demonstrate a strengthening of isotopic lapse 35 rates from the pre-to post-monsoon season in the low-elevation Tons and Yamuna watershed while the isotopic lapse rate in the higher elevation Sutlej basin remains relatively stable across seasons. In general, studies from the west and central Himalaya report stable isotope lapse rates that are notably weaker than those found in our study. We attribute the differences in stable isotope lapse rates to the paucity of high-elevation data, the spatial coverage of our sampling 40 approach, as well as the increased contribution of δ 18 O-and δD-depleted glacier and snowmelt to surface water at high-elevation sites. These factors emerge as clear controls on δ 18 O and δD stable isotope lapse rates when we compare studies across the Himalayan front (Fig. 5) . Indeed, in their review article, Poage & Chamberlain, (2001) however, the authors note that the r 2 values of the regressions from these studies is relatively weak as a result of greater scatter and variability in the data, which the authors attribute to complex precipitation patterns and post-depositional processes in snowpack. Our data reinforce that δ18O-and δD water stable isotope lapse rates exhibit nonlinear trends that increase at high elevations. Table 2 . SWE averages are derived from passive microwave data from the special sensor 10 microwave imager as reported in and courtesy of T. Smith.
Deuterium excess as a tracer for seasonal moisture source transitions
Deuterium excess emerges as a useful tool to investigate the variation in water stable isotope values driven by precipitation patterns and seasonal moisture source transitions. The d- 15 excess lapse rate (Fig. 2 ) may reflect two distinct processes: (1) increased evaporation and moisture recycling in lower elevations and (2) post-depositional processes, such as sublimation, in the higher elevation regions . Average d-excess values for WWD-sourced water are relatively high (>15 0 / 00 ) whereas ISM-sourced water averages are lower (~8-12 0 / 00 ) (Gat & Carmi, 1970; Hren et al., 2009 5000 m) align with average WWD d-excess values whereas the post-monsoon samples more closely resemble the ISM, indicating a distinct transition and mixing of moisture sources across seasons (Jeelani et al., 2013) . Furthermore, the melting and refreezing of snow accentuates the elevated d-excess values found in drainage basins dominated by snowmelt as compared to basins dominated by glacial melt (Cooper, 1998; Taylor et al., 2002) . As expected, the majority of d- (Fig. 5) , these results predict increased seasonal variation in d-excess and isotope values as we move westward along the Himalayan front.
Building from the results of our synoptic sampling campaign, the time-series data (Fig. 4 ) show increasing d-excess values at the onset of the monsoon, indicating increased contributions 30 from high d-excess, WWD-derived snowpack associated with surface temperatures greater than 0°C. Snow melt dominates the hydrograph until early June at which point the hydrograph transitions to lower d-excess, ISM-sourced rainfall, eventually stabilizing around mid-July when ISM rainfall dominates the water supply in both catchments (as indicated with an arrow in the middle panel of Fig. 4 ). Both the Barun and Sabha Khola time-series data include peaks in d- 35 excess at the onset of the monsoon in May and June (Fig. 4) . Two processes could explain these peaks. First, the rivers may be flushed with snowmelt at the onset of the monsoon driven by a combination of increasing temperature and rain-on-snow melting events . Second, the peaks could indicate mixing with pre-monsoon rainfall events which, based on Balestrini et al., (2016) 
Conclusions
Our results indicate that Himalayan surface water stable isotope lapse rates strengthen in high-elevation regions. These results have important consequences for modeling water stable isotopes, particularly in the interpretation of paleoclimate and paleoelevation records, and 5 reinforce the need for additional high-elevation sampling campaigns from areas with high relief in the Himalaya and other high mountain regions around the globe. Additional high-elevation sampling is necessary to further characterize the nonlinear patterns of water stable isotope lapse rates. Our study also indicates that the isotopic fingerprints of high-elevation samples are controlled by the relative influence of snow and glacial melt as well as regional climate 10 processes, particularly the ISM and WWD, and as such are temporally variable on interannual time scales. As evidenced in the time-series data, this renders isotopic tracers valuable in tracking individual hydro-metrological events (see also Balestrini et al., 2016 in the Khumbu and van der Veen et al., 2018 in northwest India). Additional studies from other regions of the Himalaya that capture the variability in the strength of the ISM or WWD and incorporate 15 sampling sites from snowmelt, glacial melt, groundwater, and rainfall are needed to further validate the spatiotemporal patterns described here.
This study offers a baseline analysis from which we can predict future changes in water supply that will arise as glaciers continue to retreat and the intensity and timing of the ISM and WWD become more variable (Bolch et al., 2012; Cannon et al., 2015; Malik et al., 2016) . In 20 particular, our ability to identify the timing and magnitude of snowmelt pulses contributing to streamflow is essential to inform immediate water management decisions related to irrigation and hydropower as well as evaluate potential risk from natural hazards, especially flooding. These results contribute to a growing body of work from the Himalaya and Andes (see Hill et al., (2018) ) that utilize isotopic tracers, particularly deuterium excess, to define the spatiotemporal 25 indicators of rain, snow and glacial meltwaters, and groundwater to assess seasonal fluxes in high mountain water resources.
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